Abstract. Energy efficiency plays a key role in the development of modern socio-economic systems, such as cities. Energy efficiency can be achieved through creation and development of eco-industrial parks. This article describes the concept of such parks and their peculiar characteristics and provides an overview of research literature on their development, energy efficiency and competitiveness of their resident enterprises. Performance of eco-industrial parks can be evaluated by applying a set of indicators, which demonstrate the competitiveness of park residents. This system of indicators can be used to model the management of ecoindustrial park development. This article also describes a methodological approach to evaluate competitiveness of resident enterprises: the integral index of competitiveness, which synthesizes their current and prospective competitiveness. Comparative analysis (conducted by applying 'PATTERN' method, Planning Assistance Through Technical Evaluation of Relevance Numbers) also takes into account specific indicators of residents' competitiveness. This research uses the methods of static modelling to create an algorithm for building a model which establishes the correlation between the indicators of the park's performance and the level of its residents' competitiveness. The proposed model was applied to develop a program of management for eco-industrial park 'Tagil'.
Introduction
Nowadays developed countries are going through a new wave of industrialization, which is driven by knowledge-intensive innovations and advanced technologies in the humanities and social studies. Such industrialization significantly raises the energy efficiency standards and brings urban space to a totally new level. Thus, energy efficiency encourages qualitative economic growth, gives the competitive edge to the existing and newly established manufacturing enterprises and provides long-term sustainable development of urban areas. Cities and their infrastructure are becoming more efficient, safe, and comfortable.
The key areas of enhancing economic energy efficiency include stimulating the growth of enterprises with low energy intensity; improvement of the infrastructure; cost saving at the stages of production, transportation and consumption of energy. Industrial parks productively combine the above-mentioned measures and are considered as one of the most efficient forms of production organization in the world. Industrial parks are generally understood as centrally managed areas with well-organized infrastructure, which are intended for establishing new production enterprises. At present there are over twenty thousand industrial parks in over ninety countries of the world.
In many countries of Europe, North America and Asia, industrial parks are seen not only as a tool for attracting private investment, creating new workplaces, increasing tax revenues and diversification of economy but also as means of developing energy efficient economy, implementation of innovations and advanced processing of raw materials.
One of the most promising concepts developed in the recent decades is that of ecoindustrial parks (EIPs). The main difference between EIPs and their industrial counterparts is that management companies follow comprehensive strategies of development, which, apart from improving the performance of resident enterprises, seek to reduce their negative environmental impact. EIPs are expected to meet the following goals: to form a balanced infrastructure; to increase the efficiency of energy and other resources; to create resourcesaving and low waste technologies; to establish partnership relations between enterprises; to curb the environmental pollution; to organize advanced processing of waste and encourage resident companies to reuse waste.
Modern research on eco-industrial parks, energy efficiency and competitiveness of enterprises
The concept of EIPs emerged in the USA in the early 1990s. It was intended to bring together producers of commodities and services in order to improve their economic performance and at the same time to protect the environment by managing natural resources collectively. Residents of EIPs uphold high standards of energy efficiency and engineering solutions and work together to ensure that the waste of one company provides materials for another while processed materials are used to manufacture the end product. Nowadays such EIPs are successfully developing in such countries as Canada (Hinton); the USA (Reventure Park); Denmark (Kalundborg); Finland (Rantasalmi); China (Dailan, Suzhou, Nanhai); Indonesia (Semerang, Industri Sona Maris); Japan; India; Vietnam; Thailand; and Mexico.
Most specialists consider EIPs as a tool to develop energy efficient economy and as an effective mechanism of providing resident enterprises with a competitive advantage [1] [2] [3] [4] [5] . Therefore, it is important to develop a universal model for management of EIPs' development. The key goals in this process should be to make EIPs more energy efficient and to improve their residents' competitiveness.
Competition is the main driving force of development in market business models and the relevant research literature provides a wide range of approaches to competitiveness evaluation. The existing approaches can be divided into the following groups:
1. Competitive strategy methods: for example, the matrix of the Boston Consulting Group 'Market Share'/'Market Growth' [6] 2. Methods based on the value chain concept. This approach was first introduced by M. Porter [9] and then it was developed by a number of other famous researchers such as G. Gereffi [10] and J. Humphrey [11] ; 3. Approaches and methods which take into account competitiveness of production [12, 13 and 6. Integrated methods. These days, however, there is no single approach to evaluation of competitiveness or energy efficiency. As a rule, the latter is evaluated according to a set of indicators, which are determined individually for each specific case. In general, we can identify two main approaches to selecting such systems of indicators.
The first approach divides all energy efficiency indicators into economic (value) indicators; technical and economic (physical) indicators; and the indicators related to how intensively companies use energy efficient technologies [20, 21 and others] .
The second approach classifies energy efficiency indicators according to types of business activity: it deals with specific industries and with the combinations of different types of activities inside these industries as well as their energy intensity. Such approach is applied, for instance, in the methodology of Asia Pacific Research Center [22] ; in the projects of the International Energy Agency [23, 24] ; the French Environment and Energy Management Agency (ADEME) [25] and many others.
Another method which is widely applied for evaluating energy efficiency is data envelopment analysis. It is based on comparative analysis of complex technical, economic and social systems. It was introduced by M.J. Farrell [26] and developed by A. Charnes, W.W. Cooper, R.D. Banker [27, 28] , and other specialists. It is also applied by Yi-Ming Weia [29] , K. Mukherjee [30] , and B. Ang [31] .
System of indicators characterizing competitive growth of resident enterprises
To systematize the advantages gained by residents of EIPs the factors of their success can be divided into the three major groups: 1. 'Internal' factors, that is, conditions enhancing the creation and further development of energy efficient enterprises. This group of factors include technology intensive infrastructure; organization of material and energy flows between the residents; open access to information about the waste production, the needs of the EIP's residents in raw materials and the energy they use; 2. Local factors, that is, geographical and logistical advantages of the host area, available human, material, and energy resources; 3. Regional factors, that is, the advantages of locating resident enterprises on the territory of a specific country or region. These include such factors as state support and a favourable investment climate.
We can use a system of quantitative indicators to evaluate and analyze the impact of the above-described factors on competitiveness of enterprises. The analysis of the indicators characterizing the performance of an EIP allows us to develop a complex of management measures to enhance its growth and to create a program of its development by taking into account the real needs of the existing residents.
These indicators can be divided into the two major groups: 1. The indicators which correspond to the 'internal' factors of an EIP's energy efficiency; 2. The indicators which correspond to the external factors (local and regional).
The system of indicators proposed in this paper is shown in Figure 1 and includes nine groups of indicators:
1. Eco-and energy efficiency. Resident enterprises should be using cutting-edge energy saving and environmentally friendly technologies and form closed non-waste production cycles within the framework of a single manufacturing chain or similar kinds of activity. All this would enable them to optimize their industrial processes, enhance their resource efficiency, save the waste disposal costs and the costs of procuring the necessary materials.
2. Industry specialization and cooperation potential. These are indicators which reflect the potential of the park and its residents regarding their ability to establish long-term economic relations and conduct joint or technologically related production.
3. The quality of the park's infrastructure. These indicators characterize the park's key asset: its engineering, transport and manufacturing infrastructure. They determine time and ,
financial expenditures of the residents at the initial stage of the park's development and significantly affect their level of operational expenditures.
4. Efficiency of the park's management company. This group of indicators characterizes the quality of the management company's services provided according to the 'single window' principle, which is of paramount importance for ensuring competitiveness of resident enterprises.
5. Workforce capacity and scientific potential of the host region. These indicators characterize the available workforce, including highly qualified personnel; the quality of the regional educational system; innovative and intellectual potential of the region.
6. Energy potential of the host region. This group of indicators reflects the amount of available energy resources; the availability of alternative and renewable energy sources (for example, wind power generation, hydropower industry, and solar cell panels).
7. Resource potential of the host region. These indicators characterize the availability of natural and secondary mineral resources in the host region, which can be used by resident companies and determine the industrial specialization of this region.
8. Logistical potential of the host region. These indicators characterize the location of the park in relation to the available transport network. The quality of the transport network has a significant impact on the performance of resident companies.
9. Investment potential of the host region. These indicators correspond to the investment climate of the host region, that is, the environment for business and the tools for supporting investment activities.
The above-described system of indicators allows management companies to conduct a comprehensive analysis of their investment sites, evaluating their key advantages and drawbacks. Management companies can also compare specific indicators of the park in question with those of its competitors and thus identify the areas for further improvement. Moreover, this system can be used to elaborate an EIP development program aimed at enhancing the residents' competitiveness.
Methodological approach to evaluation of the resident enterprises' competitiveness
Another element of the proposed model is the methodological approach to evaluation of the resident enterprises' competitiveness. These authors suggest considering competitiveness as a synthesis of current and prospective competitiveness.
Current competitiveness comprises the energy efficiency the enterprise has already achieved and its financial stability.
Prospective competitiveness (competitive potential) corresponds to the enterprise's capability of maintaining and increasing its competitiveness in the future taking into account its actual dynamics and the degree of risk attached to this enterprise's activity.
In order to link these two values together in one indicator, we need to apply the geometric mean formula (Formula 1) (this method has already been applied by these authors to solve similar problems [32, 33] ):
where K is the integrated index of competitiveness; КC is the indicator of the enterprise's current competitiveness; КP is the indicator of its prospective competitiveness.
To evaluate competitiveness of a business unit we need to compare the relevant indicators of its activity with those of its competitors, which are assumed as the basic or reference model (Formula 2): 
where Кi is the value of the i indicator of the company's competitiveness; Сi is the value of the i coefficient of the company's competitiveness; Сbasic,i is the basic (reference) value of the i coefficient of the company's competitiveness. Depending on the research objectives, basic indicators can be the indicators characterizing the activity of the main competitor, a group of competing companies, industry-average indicators in this region, country, or a group of countries. When selecting competing companies for the analysis, it is crucial to take into account the types of their business activity and their product range; the territory's specific features; and the range of the companies' activity.
Formula 2 can be interpreted in the following way: the higher is the value of the coefficient, the more competitive is this enterprise in this indicator as compared with its competitors.
Current competitiveness is determined by the indicators of efficiency and financial sustainability (Formula 3) while prospective competitiveness, by the indicators of the enterprise's potential and risk-taking (Formula 4):
where КТ is the current competitiveness of the enterprise; КE is the indicator of its efficiency; КFS is the indicator of its financial sustainability.
КP is the prospective competitiveness of the enterprise; КEP is the indicator of the enterprise's potential; КR is the indicator of the enterprise's level of risk-taking. Each of the above-described indicators, in its turn, includes three initial estimate indicators. Therefore, the system of indicators characterizing efficiency of enterprises comprises twelve initial indicators, which are then divided into four groups corresponding to the indicators of the companies' current and prospective competitiveness.
Algorithm of building a model of correlation between the indicators of the park's efficiency and the level of competitiveness of its residents
The acquired quantitative evaluation of the key indicators of the park's efficiency and the indicators of its residents' competitiveness in several retrospective periods enables us to establish the mathematical correlation between the specified values. This will become the basis for further modelling. It is important to mention that to make this model suitable for practical application the following requirements must be met:
1. Functional relationship between competitiveness of the EIP's residents and the indicators of the site's performance can be determined by using widely applied mathematical tools.
2. The starting data must be representative, that is, it should cover a significant period of time.
3. Final evaluation should include not only the evaluation of specific residents but of the whole group of core residents. This will provide a more objective picture for further development of measures enhancing competitiveness of the largest enterprises.
The model is built according to the following algorithm: 1. Collection of data on a number of consecutive periods. To make the data more representative the calculations of the relevant indicators should cover not less than five equal time periods.
2. Establishing the correlation between the indicator of competitiveness of the core group with each of the indicators of the EIP's performance. To model this relationship we applied the method of correlation and regression analysis. The initial system of models characterizes the correlation between competitiveness of the core group of residents and each of the indicators of the park's efficiency. This system looks the following way:
where Ri is the indicator of the core residents' competitiveness, calculated in accordance with the values of the indicators of the i set of indicators; Xi1, Xi2,…, Xin are the indicators of the i set of indicators.
At this stage we need to choose the mathematical function which would determine the cause-and-effect relationship between the indicators in question and the parameters of this function related to the intensity of this relationship and its direction.
3. To estimate the accuracy of this evaluation we need to analyze the coefficient of regression, the intensity of the relationship, approximation errors and other parameters and to determine the most significant indicators of the park's performance.
4. Exclusion of unreliable models and models contradicting the logic of the process in question.
5. Building the final model, which illustrates the correlation between the core residents' competitiveness and the indicators of the park's efficiency and which excludes the effect of multicollinearity of the explanatory factors. The acquired model can serve as a basic tool to develop a complex of management measures to improve the EIP's performance.
Practical testing of the model for the development of an ecoindustrial park
The proposed model was used to solve a practical task of developing a program for the development of EIP 'Tagil', which is located in Sverdlovsk region (Russia). The project includes horizontally and vertically integrated chemical production companies, which seek to meet high standards of environmental safety and are located in close proximity to raw materials, oil and gas, energy sources, human resources, and diverse market outlets. The correlation between the competitiveness level of the core residents of 'Tagil' and the indicators of this park's performance looks the following way: R = -0,58 + 0,14 × X1 + 0,31 × X2 + (-0,08 × X3) + 0,22 × X4 + 0,03 × X5 , (6) where X1 is the non-wastefulness coefficient of the park's residents; X2 is the level of cooperation achieved on the territory of this park; X3 is the coefficient of remoteness of the park's residents from mineral resources; X4 is the state support provided to the park's residents; X5 is the share of energy obtained through the use of alternative and renewable sources on the park's territory.
Analysis of this correlation shows that the key factors of residents' competitiveness are the following: environmental safety and non-wastefulness of production; close cooperation between the enterprises operating within the framework of a single technological process; and the state funding received by the residents. Therefore, the development of EIPs should prioritize the following strategies:
1. Raising the standards of ecological and energy efficiency of the park's resident enterprises;
2. Enhancing and expanding interfirm cooperation in production, research and marketing;
3. Assistance to residents provided by the management company in order to attract financial and non-financial state support for the development of production on the territory of park 'Tagil'.
Conclusion
The proposed system of management of the EIP development is targeted at enhancing competitiveness of its residents. It is a practical tool, which can be used by management companies to elaborate a program of the park's development and create favourable conditions for the growth of resident enterprises. Sustainable development of EIPs will contribute to boosting the local and regional energy efficient economy.
